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Balsa wood is a natural cellular material with excellent stiﬀness-to-weight and strength-to-weight ratios as well as supe-
rior energy absorption characteristics. These properties are derived from the microstructure, which consists of long slender
cells (tracheids) with approximately hexagonal crosssections that are arranged axially. Parenchyma are a second type of
cells that are radially arranged in groups that periodically penetrate the tracheids (rays). Under compression in the axial
direction the material exhibits a linearly elastic regime that terminates by the initiation of failure in the form of localized
kinking. Subsequently, under displacement-controlled compression, a stress plateau is traced associated with the gradual
spreading of crushing of the cells through the material. The material is less stiﬀ and weaker in the tangential and radial
directions. Compression in these directions crushes the tracheids laterally but results in a monotonically increasing
response typical of lateral crushing of elastic honeycombs. The elastic and inelastic properties in the three directions have
been established experimentally as a function of the wood density. The microstructure and its deformation modes under
compression have been characterized using scanning electron microscopy. In the axial direction it was observed that in the
majority of the tests, failure initiated by kinking in the axial–tangential plane. The local misalignment of tracheids in zones
penetrated by rays ranged from 4 to 10 and axial compression results in shear in these zones. Measurement of the shear
response and the shear strength in the planes of interest enabled estimation of the kinking stress using the Argon–Budian-
sky kinking model. The material strength predicted in this manner has been found to provide a bounding estimate of the
axial strength for a broad range of wood densities. The energy absorption characteristics of the wood have also been mea-
sured and the speciﬁc energy absorption was found to be comparable to that of metallic honeycombs of the same relative
density.
 2007 Elsevier Ltd. All rights reserved.
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Wood has historically been, and indeed remains today, one of the most widely used structural materials. Its
a naturally occurring, renewable, biodegradable and relatively low-cost material with outstanding axial0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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8686 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717stiﬀness-to-weight and strength-to-weight ratios (Dinwoodie, 2000; Gibson and Ashby, 1997; Bodig and Jay-
ne, 1982). The trunk of the tree has three main functions: ﬁrst support its own weight and that of the crown
and resist wind and other loads; second it must conduct mineral solutions absorbed by the roots to the tree
crown and third it must store manufactured carbohydrates until required. These functions are fulﬁlled by
the unique cellular microstructure assigned by nature to trees. The main microstructure consists of long cells
aligned in the axial direction providing the required axial strength and stiﬀness. This makes the material highly
anisotropic, as it is relatively compliant and weak in the plane normal to the axial direction.
This paper is concerned with the mechanical properties of balsa wood or Ochroma pyramidale. It is an
equatorial tree that is mainly cultivated in the South American country of Ecuador. The density of balsa wood
can vary by an order of magnitude with the age and habitat of the tree. It covers densities from about 2.5 to
24 lb/ft3 (40–380 kg/m3) making it one of the lightest woods available. Since the density of the wood solid is
approximately 93.6 lb/ft3 (1500 kg/m3), balsa’s relative density is in the range of 0.027 < q/qs < 0.26. In other
words, the cellular microstructure includes a very signiﬁcant volume of empty space. Balsa wood has superior
speciﬁc axial stiﬀness and strength. Even more importantly, it exhibits outstanding energy absorption charac-
teristics that derive from the relatively low relative density. Indeed, it may be the only material with speciﬁc
energy absorption that resembles that of axially loaded hexagonal honeycombs.
In addition to other uses, these attractive properties make balsa wood one of the most appealing materials
for use as cores in sandwich structures, particularly for marine applications. Wood mechanical properties in
general are reasonably well characterized, with strength and failure mechanisms being less well understood.
Until recently, balsa wood has received little attention, with the pioneering work of Easterling et al. (1982)
and supplemental information in Gibson and Ashby’s book (1997) being exceptions (several properties of
balsa wood were reported as a function of density in Dreisbach (1952)). More recently Vural and Ravichan-
dran, motivated by the needs of applications of balsa wood as cores in sandwich structures for modern naval
surface ships, conducted an extensive study of the axial response and failure under quasi-static and dynamic
axial compression (2003a,b). The present study is similarly motivated but is limited to quasi-static uniaxial
compression in the three principal directions of the material. The study is mainly experimental and aims to
establish the mechanical response to compression and the underlying deformation and prevalent failure
mechanisms.
2. Balsa wood microstructure
Like all woods, balsa wood has its own cellular microstructure shown in the micrograph in Fig. 1a. The
main cells, known as tracheids, are long bean pod shaped, aligned axially along the trunk of the tree. Their
main function is structural support (see Figs. 1b and 2a and b; see also Core et al. (1976)). Measurements
of cell dimensions conducted on balsa wood specimens of three diﬀerent densities (q) are listed in Table 1. Cell
lengths (Ltr) were found to be of the order of 600 lm with relatively small variation. The cell cross-section is
polygonal, often approximating an irregular hexagon, with the sides being shared by neighboring cells (see
Fig. 3). Cell diameters (D) increase somewhat with density but values in the range of 30–40 lm are common.
The cells are somewhat ﬂatter in the radial direction as indicated by the measurements of dimensions C, h and
‘ in Table 1. The main variable that changes with density is the cell wall thickness but once again the variation
is relatively small within a given sample. The tracheids terminate in pointed cone-like ends that can be seen in
Fig. 2b. The tracheids are arranged in circumferential layers that constitute annual growth rings, which give
the wood a polar symmetry (see Fig. 4).
Parenchyma are a second type of cell, shorter in length and with a more rectangular cross-sectional shape.
They are arranged radially in groups (rays) that periodically penetrate the tracheids and are responsible for the
storage of carbohydrates and for conducting them radially along with ﬂuids (see Figs. 2a and b). A third,
longer and larger diameter type of cell (D  150–250 lm), with a more circular cross-section and thinner wall,
known as sap channels (or vessels), are responsible for transferring ﬂuids up the trunk of the tree (see Figs. 1a
and 2b). In the case of balsa wood, tracheids make up about 80–90% of the volume of the material, rays about
8–15% and the rest is taken up by the sap channels.
The tracheids themselves have a complex microstructure, one that is broadly common to most woods.
The main constituents of wood material are cellulose, hemicelluloses and lignin (Dinwoodie, 2000; Bodig
Fig. 1. (a) Micrograph showing the cellular nature of a block of balsa wood and three diﬀerent types of cells. (b) Schematic showing
idealized sketch of balsa wood microstructure.
A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8687and Jayne, 1982). Cellulose has long, crystalline slender chains of glucose. Hemicelluloses are semicrystalline
and are composed of xylose, galactose and manose. Lignin has large, 3D, amorphous molecules composed
of phenyl groups. Cellulose molecules are arranged in bundles or microﬁbrils that are responsible for the
structural properties of the wood. Hemicelluloses and lignin can be viewed as the matrix of this natural
composite material. These three main constituents are used to construct the tubular microstructure of trac-
heids. They consist of four layers, the primary outer wall (P) and the secondary inner wall with three layers,
S1, S2 and S3 (see Fig. 5 and Dinwoodie, 2000; Bodig and Jayne, 1982; Mark, 1979). The structural prop-
erties come from the secondary wall. S1 and S3 are angle-ply laminates and are relatively thin. S2 is much
Fig. 2. (a) Micrograph of a tangential plane section showing the tracheids, the rays and one sap channel. (b) Micrograph of a tangential
plane section showing tracheids and pockets of rays (after Fig. 1.1 of Dinwoodie (2000)).
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(h to the axial direction) that diﬀers for each wood and typically is between 10 and 30. Thus, the axial
stiﬀness of the tracheids is by and large decided by the wall thickness and orientation of S2 (see Fig. 4
in Cave (1968)).
Table 1
Measured geometric characteristics of tracheids
Sample
q
qs
a t C D ‘ h ho Ltr
N lm (SD) N lm (SD) N lm (SD) N lm (SD) N lm (SD) N deg (SD) N lm (SD)
S54-31 0.063 99 1.34 (0.23) 30 25.33 (5.99) 30 33.05 (8.84) 120 14.01 (4.24) 60 20.56 (6.32) 9 6 (1.16) 16 616 (62)
11/12-43 0.087 83 1.89 (0.42) 30 31.97 (6.37) 30 39.10 (5.73) 120 17.76 (4.48) 60 23.96 (4.86) 10 5.86 (2.37) 16 565 (56)
14/15-38 0.129 93 2.46 (0.33) 30 32.75 (4.09) 30 41.84 (2.90) 120 18.36 (3.43) 60 27.85 (2.80) 26 7.66 (2.27) 16 610 (76)
a qs = 93.64 lb/ft
3 (1500 kg/m3); N = number of samples; SD = one standard deviation.
Fig. 3. Micrograph showing a transverse plane view of tracheids (q/qs = 0.129).
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the axial, tangential and radial directions deﬁned in Fig. 4a as the principal axes of anisotropy. The material is
stiﬀ and strong in the axial direction and relatively compliant and weak in the tangential and radial directions,
with the modes of deformation and failure in these directions being distinctly diﬀerent. These will be the main
subjects discussed in this paper.
Balsa wood can be found in the wide range of densities given in Section 1. The density of wood material
(tracheids walls, qs) is common to all woods and has been estimated to be approximately 93.6 lb/ft
3
(1500 kg/m3, Dinwoodie, 2000). Consequently, balsa’s relative density is in the range of 0.027 < q/qs < 0.26.
To ﬁrst order the microstructure can be approximated to be hexagonal cylindrical, making the relative density
Fig. 4. (a) Schematic of a tree trunk crosssection showing the growth rings and the principal anisotropy direction of the material. (b)
Photograph of a section of balsa wood as is supplied commercially. Included is a box illustrating how specimens were extracted from the
material.
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C ¼ ﬃﬃﬃ3p ‘ is the width of a perfect hexagon. As we have seen, the microstructure is more complicated than this
idealization and as a result this expression underestimates measured values to some degree (Da Silva, 2007).
The numbers are however indicative of the high degree to which the material is porous. The mechanical prop-
erties will be reported as a function of the relative density as is customary for cellular materials.3. Experiments
The balsa wood analyzed and tested in this study came from Baltek Corporation in the form of 3 in. thick
plates. Four plates of wood with commercial designations of SL45, SL1011, SL1112 and SL1415 were used.
Each plate is made of smaller rectangular blocks of wood (typical dimensions 4 · 4 in.) of approximately the
Fig. 5. Simpliﬁed structure of the cell wall showing the microﬁbril orientation for the major layers.
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ferent trees. Blocks of approximately the same density are grouped together. Thus, for example, SL1011 has a
nominal density of 11 lb/ft3 (176 kg/m3). The rectangular test specimens used in the study were extracted from
a single block and were aligned with the principal directions of the material as shown for example by the con-
struction box drawn in Fig. 4b. The density of the material tested was determined by weighing and measuring
the dimensions of each specimen. The tests involved densities in the range of 3.6–22.6 lb/ft3 (0.039 <
q/qs < 0.242). Five types of tests were performed: axial (A), radial (R) and tangential compression (T), and
shear tests in the axial–radial (AR) and axial–tangential directions (AT). The specimen geometry and dimen-
sions will be discussed individually for each type of test performed. The wood was tested in the as-received
condition that exhibited moisture content ranging between 9% and 12%.
3.1. Axial compression
The majority of the axial specimens were 3-in. tall (height of the balsa plates) and had a 1.0 in. (25.4 mm)
square cross-section. Thus, the specimens had approximately 125 cells in the axial direction and 800 cells
across the sides. For the smallest densities (SL45), the specimen cross-section was 1.5 in. (38 mm) square in
order to avoid overall buckling. The specimens were extracted from individual blocks of material so that
two of the sides were perpendicular to the radial direction as shown in Fig. 4b. The specimens were com-
pressed between rigid platens under displacement control. Typically the force, displacement and strain in
the test section were recorded in a computer operated data acquisition system. In addition, in order to corre-
late deformation and failure patterns with the recorded response, the front of the specimen was monitored
with a video camera that ran on a common time base as the data acquisition system. Sixty-one tests were per-
formed in order to establish the response and the failure and post-failure behavior of the material as a function
of relative density.
In several of the tests the axial strain was recorded with an extensometer mounted on the specimen. The
initial elastic modulus (EA) was established using the measured stress and local strain. A select number of
moduli are reported as a function of q/qs in Table 2. The measured moduli are plotted against q/qs in
Fig. 6. If the microstructure is idealized to be cylindrical polygons that share walls with neighbors (hexagonal
in our case), the axial modulus isEA
Es
¼ q
qs
; ð1Þwhere Es is the axial modulus of the tracheids. Gibson and Ashby (1997) estimated Es to be 5076 ksi (35 GPa;
from Fig. 4 in Cave (1968), based on 14 orientation of microﬁbrils in S2; see also Cave, 1969). This expression
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Fig. 6. Axial modulus as a function of relative density and ﬁrst order estimate based on Eq. (1) (from Akkerman (2005)).
Table 2
Elastic moduli measured for several balsa wood densities
q
qs
a EA ksi (GPa)
q
qs
ER ksi (MPa)
q
qs
ET ksi (MPa)
q
qs
GAR ksi (MPa)
q
qs
GAT ksi (MPa)
0.043 88 (0.61) 0.049 5.02 (34.6) 0.047 2.74 (18.9) 0.043 5.72 (39.5) 0.049 6.37 (43.9)
0.079 289 (1.99) 0.085 12.77 (88.1) 0.076 3.50 (24.1) 0.086 15.87 (109.4) 0.092 13.00 (89.6)
0.097 441 (3.04) 0.125 35.76 (246.6) 0.111 7.96 (54.9) 0.121 29.10 (200.6) 0.140 19.39 (133.7)
0.128 815 (5.62) 0.145 50.07 (345.2) 0.130 11.44 (78.9) 0.141 38.99 (268.8) 0.203 21.67 (149.4)
0.158 960 (6.62) 0.156 62.12 (428.3) 0.150 14.25 (98.3) 0.207 51.61 (355.9) 0.242 35.36 (243.8)
a qs = 93.64 lb/ft
3 (1500 kg/m3).
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EA similar to the present ones were reported by Dreisbach (1952)). This is at least partly due to the idealization
of the microstructure to be purely cylindrical, but may also point to a diﬀerence between the actual and
adopted value of Es.
The major characteristics of the axial crushing responses will be discussed through three examples shown in
Figs. 7–11. Fig. 7a shows the axial stress–displacement (rA  d/H) response for a specimen with a relatively
low density of q/qs = 0.050. Eight conﬁgurations extracted from the video recording showing the specimen at
various degrees of deformation are shown in Fig. 7b. The conﬁgurations correspond to the points marked on
the response with numbered ﬂags. This specimen had a cross-section of 1.5 · 1.5 in. (38 · 38 mm). To help ini-
tiate failure away from the ends, a 1/32 in. (0.794 mm) hole was drilled along the radial direction in the middle
of the specimen. The response is initially linear becoming increasingly nonlinear as the maximum stress is
approached. Conﬁguration  corresponds to a point just before the limit stress and shows a still intact spec-
imen. A maximum stress (rAL) of 682 psi (4.70 MPa) is reached at which failure is initiated. Failure initiated at
the hole, propagated dynamically across the width of the specimen, and was accompanied by a sharp drop in
the recorded load. Conﬁguration `, at the bottom of the load drop, shows a somewhat curved and rugged
failure band across the width of the specimen. It is important to observe that away from the failure zone,
the material remains intact. It will be demonstrated later that in the failure zone tracheids have undergone
some shear deformation that has led to local concertina-type of crushing. Beyond point `, intact material
on either side of the failure zone enters it and crushes. This continues while the level of stress remains relatively
unchanged, tracing in the process the near stress plateau seen in Fig. 7a. It is important to remember that solid
wood only constitutes 5% of this balsa specimen. Consequently, the failure zone does not broaden very much
as crushed material is added to it. By conﬁguration ˜, approximately 16% of the specimen has been crushed
but the thickness of the band has not changed signiﬁcantly. At higher displacements, such as in conﬁguration
˘, the crushed material starts to be ejected from the free ends of the band. In this particular test a second fail-
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the left until it reached the other free surface as seen in conﬁguration ˙. The test was terminated soon there
after. The dashed line indicates the average stress level of the stress plateau which has a level of rAP = 570 psi
(3.93 MPa).
A second set of results shown in Fig. 8 involve a balsa wood specimen with a relative density of
q/qs = 0.091. In this case the specimen cross-section was 1 in. square (25 mm) and had a small initiation hole
drilled at mid-height. The general features of the stress–displacement response (Fig. 8a) are similar but the
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8694 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717elastic modulus is higher, the stress at the limit load is 1.67 ksi (7.48 MPa) and the average value of the stress
plateau is 1.08 ksi (7.48 MPa). Failure once more initiated at the hole and propagated ﬁrst to the left, forming
the inclined band. Conﬁguration ` at the end of the initial load drop shows the failure zone to be covering the
whole width of the specimen. With continued displacement, intact material enters the failure zone and crushes.
Because of the higher wood content of this specimen, the band exhibits more broadening and crushed material
starts getting ejected from the sides at an earlier displacement than in the case shown in Fig. 7. This pushing of
crushed material outwards is seen in conﬁgurations ˆ–˙ to result in edge splitting. As the splitting becomes
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Fig. 9. (a) Axial stress–displacement crushing response of balsa specimen SL1415-14 (q/qs = 0.150). (b) Photograph showing evidence of
kink band broadening at the end of the test.
A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8695more pronounced, the stress recorded starts to drop. The test was terminated when the specimen height was
reduced by approximately 23%. Splitting following some amount of crushing was more pervasive for speci-
mens with higher densities (q/qs > 0.12).
The initial failure band of several specimens was clearly inclined. Fig. 9a shows the stress–displacement
response of a specimen with relative density of 0.150. The specimen at the end of the test is shown in
Fig. 9b. At a stress of 2.84 ksi (19.6 MPa) a kink band with an inclination of approximately 20 to the hor-
izontal initiated from the small hole at the center of the specimen in the axial–tangential plane. In the process,
Fig. 10. Micrographs showing the kink band in specimen SL1415-14.
8696 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717the load experienced a signiﬁcant drop, reaching a local minimum of less than half the value of the limit stress.
Subsequently the load recovered up to an average stress of 1.87 ksi (12.9 MPa), at which value the band pro-
ceeded to broaden in essentially a steady-state manner. The test was terminated at a net reduction of specimen
length of just under 12%. Three photomicrographs of the band shown in Fig. 10 clearly demonstrate that
strands of material inside the band are rotated and crushed. The strands are composed of bundles of tracheids
separated by sap channels and rays. Intact strands on either side of the band bend in order to conform to the
orientation of the material in the band and simultaneously are laterally crushed. The crushed material stiﬀens
and local deformation ceases, allowing new intact material to enter the band and continue its broadening. The
material in the band has rotated by about 60 and is signiﬁcantly compacted.
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ported by the photomicrographs are very similar to the results of Poulsen (1996) and Poulsen et al. (1997)
obtained in similar compression experiments on spruce (see also spruce and aspen results in Kucera and Bar-
iska, 1982). As was the case in our tests, their kink bands occurred in the axial–transverse plane with orien-
tations of 23 and ﬁber rotation angles in the band of 60. A small hole drilled through their test specimens
was used to initiate failure at a speciﬁc location that was monitored through a microscope. Although the stress
riser at the hole helped initiate the kink band, their observations led them to conclude that the kinking was
governed by naturally occurring misalignment of wood ﬁbers rather than any externally applied disturbance.
Their wood was denser (q/qs  27%) and the phenomenon took place with signiﬁcant regularity. In balsa
wood the inclined kink band broadening was rare as other events prevented it from developing. Kink band
formation and broadening is common in highly aligned anisotropic materials the most prominent example
of which is ﬁber composites. (For initiation of kinking see Argon (1972), Budiansky (1983), Waas et al.
(1990), Budiansky and Fleck (1993), Kyriakides et al. (1995), Christoﬀersen and Jensen (1996). For band
broadening see Moran and Shih (1998), Vogler and Kyriakides (1997, 1999a), Jensen and Christoﬀersen
(1997), Byskov et al. (2002). For a broader review of kinking, see Kyriakides et al. (1995)). Highly aligned
8698 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717man-made ﬁber composites have a simpler two constituent microstructure and as a result have been more
amenable to modeling. The relationship of the ﬁndings in composites to the present problem will be further
highlighted in following sections.
A related kinking mechanism that was observed in several specimens that were tested without a hole is
shown in Fig. 11. Here kinking failure initiated at a stress of 3.555 ksi (24.52 MPa) at the top platen as seen
in conﬁguration ` in Fig. 11b. With the onset of kinking, the load experiences a signiﬁcant drop down to
approximately one half the value of the limit stress. Subsequently the load recovers and the kink band pro-
ceeds to broaden as shown in conﬁgurations ˆ–¯. Hitherto intact material bends into the kink band and gets
crushed. Close-up views of the interface between the intact and kinked material are shown in two photomi-
crographs in Fig. 12. The mechanism is similar to the one seen in Fig. 10. Bundles of tracheids bend into
the kink band and in the process develop several folds. Further away from the interface, the bundles straighten
and align themselves to the orientation of the kink band while simultaneously they are crushed by the trans-Fig. 12. Micrographs showing the interface between the intact and kinked material.
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a nearly steady-state fashion at an average stress of 2.55 ksi (17.6 MPa). Because the kink band is in contact
with the top platen, its geometry is anti-symmetric resulting in rotation of the intact section of the test spec-
imen. For this to be accommodated, a second kink band eventually initiates at the bottom platen.
The eﬀect of density on the recorded response is illustrated by ﬁve stress–displacement responses that are
compared in Fig. 13. The responses conﬁrm what was already reported in Fig. 6, that increase in density
increases the elastic modulus. In addition, the material strength represented by the limit stress increases
and so does the plateau stress. The extent of the plateau is aﬀected by the size of the specimen and was not
considered in this study. At lower densities, the diﬀerence between the limit stress and the plateau stress is rel-
atively small, but this diﬀerence increases with density.
Fig. 14 shows plots of the rAL and rAP versus the relative density from 61 experiments (a select number of
these stresses are listed in Table 3 along with the corresponding densities). The data exhibit some scatter that0
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Table 3
Strengths measured for several balsa wood densities
q
qs
rAL ksi (MPa) rAP ksi (MPa)
q
qs
ryR psi (MPa)
q
qs
ryT psi (MPa)
q
qs
sARf psi (MPa)
q
qs
sATf psi (MPa)
0.065 0.92 (6.4) 0.70 (4.8) 0.044 63 (0.43) 0.047 48 (0.33) 0.044 132 (0.91) 0.050 96 (0.66)
0.096 1.78 (12.3) 1.37 (9.45) 0.086 103 (0.710) 0.077 81 (0.56) 0.100 298 (2.05) 0.100 212 (1.46)
0.137 3.06 (21.1) 2.19 (15.1) 0.118 171 (1.18) 0.111 109 (0.752) 0.141 449 (3.10) 0.140 312 (2.15)
0.165 4.07 (28.1) 2.79 (19.2) 0.135 198 (1.37) 0.150 124 (0.855) 0.163 526 (3.63) 0.188 421 (2.90)
0.215 5.70 (39.3) 3.59 (24.8) 0.160 236 (1.63) 0.169 180 (1.24) 0.207 736 (5.07) 0.242 541 (3.73)
8700 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717increases with density with the scatter in the rAP being more pronounced. As noted earlier, at lower densities
the two stresses have comparable values but the two sets of data diverge as q/qs increases. We also note that no
diﬀerence in the trend of the data was observed between specimens that had an initiation hole drilled though
them and those that did not have a hole (same conclusion was reported by Akkerman (2005) in independent
tests). An important observation is that in the great majority of the specimens (49) failure initiated by kinking
in the AT plane. Only 4 were found to have kinked in the AR plane while for 8 no determination could be
made.
Despite this diﬀerence, the two sets of data were ﬁtted with linear ﬁts deﬁned byTable
Linear
rAX
rAL
rAP
rAL
a
a VurAX ¼ bþ c qqs
 a
 
: ð2ÞThe ﬁt parameters are listed in Table 4 while the ﬁts are drawn in Fig. 14.
The ﬁt of rAL is very close to one reported by Vural and Ravichandran (2003a) who conducted their tests
on circular cylindrical specimens with 0.75 in. (19 mm) diameter and 1 in. (25.4 mm) height (ﬁt parameters
included in Table 4). The agreement supports the premise that the small hole drilled in several of our speci-
mens did not adversely aﬀect the strength measurements but placed the failure zone in the test section away
from the inﬂuence of the platens.
3.2. Microscopy evaluation of failure
The modes of failure were further examined using a Scanning Electron Microscope (SEM) as follows. Here
the compression experiments had to be conducted on small 10 mm cubes of balsa wood that could ﬁt in the
SEM chamber. A small 1/32 in. (0.794 mm) hole was drilled at mid-height along the radial direction of most
(but not all) cubes in order to initiate failure away from the ends. For better images, after the cubes were cut
their surfaces were ﬁnished by removing thin slices using a microtome. The specimens were then compressed
axially between rigid platens, and were unloaded soon after the load maximum was achieved. The wood cubes
were then coated with Au or Pt–Au in order to conduct the electric current. Cubes from three diﬀerent den-
sities were examined: q/qs = 0.063, 0.105 and 0.129 that originated from SL45, SL1112 and SL1415 blocks
respectively. Images were ﬁrst taken from the surfaces corresponding to the AT planes. Subsequently, thin lay-
ers of wood were removed from these surfaces using a microtome (100 lm or 3–4 cells thick) and the spec-
imens were scanned once more. This was pursued in order to ensure that the failure modes observed on the
free surfaces were representative of the ones inside the specimens. A select number of representative images
taken will be shown for each density.4
ﬁt parameters of critical stresses in axial compression
a b ksi (MPa) c ksi (MPa) R2
0.0467 0.43625 (3.009) 29.792 (205.5) 0.9624
0.0467 0.40635 (2.802) 19.172 (132.2) 0.8972
0.037 0.2494 (1.720) 28.835 (198.9) –
ral and Ravichandran (2003a).
Fig. 15. Set of micrographs showing sites of crushed tracheids at diﬀerent magniﬁcations for q/qs = 0.063.
A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8701Fig. 15 shows four images of diﬀerent magniﬁcations taken from diﬀerent locations in specimens of the low-
est density analyzed (q/qs = 0.063). They all originated from inside the blocks after several thin layers of wood
were removed. The tracheids have locally buckled and developed concertina folds while simultaneously under-
going some shearing. The folding is reminiscent of progressive plastic crushing of honeycombs illustrated in
Fig. 16a. Fig. 16b shows a single hexagonal brass tube that has undergone progressive crushing. Despite the
very diﬀerent materials and geometries of these structures from those of the tracheids, the mechanisms
involved are clearly related, except that for the metal structures folding developed in the absence of any
shearing.
Fig. 17 shows four images from specimens with the intermediate density of q/qs = 0.105. Images (a) and (b)
were taken from the surface while (c) and (d) originated from inside the blocks. Here the rotation and local
shearing of tracheids is more dominant, resulting in more localized crushing with fewer folds. The main dif-
ference from the lower density cases is a lowering of the diameter-to-thickness ratio of the tracheids, thus mak-
ing concertina folding of the tracheids more diﬃcult.
Fig. 18 shows six micrographs from the highest density specimens analyzed (q/qs = 0.129). Here the failures
are all along inclined planes and are reminiscent of kinking. Inside the bands, the tracheids are crushing due to
combined shear and compression. Concertina folding is not observed in these images. No signiﬁcant diﬀer-
ences were observed between images that originated from the free surface and those that came from further
inside the specimens. Similar results can be found in the excellent collection of SEM micrographs of compres-
sion failures in spruce and aspen by Kucera and Bariska (1982).
Fig. 16. (a) Photograph showing a crushed hexagonal aluminum honeycomb. (b) Photograph showing progressive crushing of a single
hexagonal brass tube (Kyriakides unpublished results).
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(a) Failure was initiated by kinking that predominantly occurred in the AT plane for all balsa wood densi-
ties considered.
(b) For lower densities, the initiation of failure led to signiﬁcant concertina folding under combined com-
pression and shear.
(c) For higher densities, kink band broadening was more pronounced, with tracheids inside the bands rotat-
ing and crushing laterally.
(d) Once failure initiated the orientation of the failure zones tended to vary, some bands being clearly
inclined and many having a ragged proﬁle.
The observations that kinking was the main cause of failure and that it favored the AT plane can be
explained as follows. Kinking in highly aligned anisotropic materials is governed by the interaction of the non-
linearity in the shear response of the material coupled with the geometric nonlinearity introduced by misalign-
ment of the ﬁbers (Argon, 1972; Budiansky, 1983; Budiansky and Fleck, 1993; Kyriakides et al., 1995; Hsu
et al., 1998). The simplest model that captures the essence of the problem is one due to Budiansky, who
extended the original simpler model of Argon as follows. Consider an anisotropic material with its principal
axis of anisotropy misaligned by an angle ho to the direction of the applied stress (r) as shown in Fig. 19a.
Because of the misalignment, compression results in a shear stress (s). Provided the misalignment angle
Fig. 17. Set of micrographs showing sites of crushed tracheids at diﬀerent magniﬁcations for q/qs = 0.105.
A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8703and the shear strain that develops remain small, simple equilibrium considerations of the material element
relate the applied stress to the induced shear strain (c) as follows:r ¼ sðcÞ
ho þ c ; ð3Þwhere s(c) is the nonlinear shear response of the material. The combination of this material nonlinearity and
the geometric nonlinearity in the denominator results in a stress maximum in the axial response that is con-
sidered to be the stress at the onset of kinking.
It has been observed that pockets of misaligned tracheid are abundant in the AT plane in places where rays
penetrate bundles of tracheids as shown for example in Figs. 2b and 19b (see also Fig. 9 of Poulsen et al.
(1997); Fig. 3 in Vural and Ravichandran (2003a)). Although sources of misalignment are also present in
the AR plane, misalignment angles are generally smaller. It will also be shown that wood has a more compli-
ant shear response in this plane by comparison to the AR plane. These two reasons are responsible for kinking
to be more prevalent in the AT plane (Kucera and Bariska (1982) concluded also that the failures they
observed in both spruce and aspen initiated from ‘‘the ray margins’’).
To support this premise a number of measurements of local misalignment angles in the AT plane was per-
formed using SEM images. The results of these measurements are included in Table 1. Values of ho in the
range of 4–10 were measured with the average being approximately 6. The second component of Eq. (3)
Fig. 18. Set of micrographs showing sites of crushed tracheids at diﬀerent magniﬁcations for q/qs = 0.129.
8704 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717is the shear response of the material. Shear responses were measured using a custom test set up that will be
discussed together with the results in Section 3.4.
3.3. Compression in the radial and tangential directions
In comparison to the axial direction, wood is structurally much more compliant and weak in both the radial
and tangential directions. This is because loads are now reacted by bending of the polygonal walls of the trac-
Fig. 19. (a) Geometry and loading of uniform inclination ﬁber model used to predict the onset of kinking. (b) Micrograph of a tangential
section showing a typical tracheid misalignment in balsa wood.
A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8705heids. The compressive properties were measured in a series of tests using 2-in. tall specimens with a 1-in.
square cross-section. The radii of the growth rings in the blocks in our test plates were relatively small. It
was thus necessary to keep the specimen length to 2 in. in order to avoid excessive anisotropy that would result
in bending of the specimens. The specimens were compressed between rigid platens at a strain rate of 103 s1.
Four representative stress–displacement responses from each direction are included in Fig. 20, each coming
from wood of diﬀerent density (values indicated in the ﬁgures).
The responses exhibit an initial linear part that smoothly transitions into a knee caused by some type of
inelastic action in the cells (e.g., microcracking or damage of the cell walls). The initial linear part of each
response was monitored by an extensometer mounted on the specimen. This strain measure was used to eval-
uate the elastic modulus. Following the knee is an extended regime with mild hardening for three of the den-
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8706 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717sities shown while the lowest density exhibits nearly ﬂat stress plateaus. During this part of the response the
cell walls gradually collapse. In the case of the relatively ﬂat stress plateaus, localized crushing of the type
reported by Papka and Kyriakides (Fig. 4, 1994; Fig. 4, 1998) for aluminum honeycombs is possible. For
the monotonically increasing responses rather than being localized the collapse can be expected to be more
randomly distributed as shown in Figs. 4 and 5 of Easterling et al. (1982). For the more regular hexagonal
microstructure of the cells of Papka and Kyriakides’s honeycomb, this type of deformation could only be
achieved when the material remained elastic. Balsa wood tracheids have a less regular geometry and the inelas-
ticity that develops is clearly diﬀerent from plastic bending of aluminum cell walls. At higher strains, as the
cells become increasingly more collapsed and contact between opposite walls develops, the material stiﬀens
once more as is characteristic of the densiﬁcation regime of lateral crushing of honeycombs and of other cel-
lular materials (Gibson and Ashby, 1997). We note that in this regime the responses were inﬂuenced to some
degree by some unavoidable bending of the specimens caused by the anisotropy of the wood. Overall, the
material is stiﬀer and stronger in the radial direction compared to the tangential direction.
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A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8707The elastic moduli measured in the two directions, ER and ET, are plotted as functions of q/qs in Figs. 21a
and b (a select number of the two moduli are listed in Table 2 along with the corresponding densities). Both
exhibit the nearly cubic dependence on q/qs expected from the predominantly bending deformation that the
cells undergo. The values of ER are signiﬁcantly higher than those of ET. This is primarily due to the stiﬀening
eﬀect that the rays have in the radial direction. However, even for the radial direction the moduli are more
than an order of magnitude lower than those measured in the axial direction. A simpliﬁed model in which
the cells are idealized as hexagonal tubes that are somewhat ﬂattened in one direction as shown in the inset
in Fig. 21b, was used to estimate the functional dependence of the moduli on q/qs. If for algebraic convenience
the eﬀect of shear on bending deformations is neglected thenET
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8708 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717andq
qs
¼
ﬃﬃﬃ
3
p
l 1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 3
4
l2
q  t
‘
 
: ð4bÞTwo sets of predictions, one where the cell is a perfect hexagon (l = 1) and a second where the cell is some-
what ﬂattened in the radial direction (l = 0.9), are plotted in Fig. 21b. (Predictions include the eﬀect of shear
on bending deformations – see Appendix A of Da Silva for the more complete expression. Lacking measured
values, Poisson’s ratio (m) was assigned the value of 0.5. Note that m = 0.25 reduces ET by about 20%). The
predictions are seen to follow the trend of the experimental data quite well for the transverse direction.
The model did not perform well in the radial direction because the presence of the rays is not accounted
for in this simple formula.
In an attempt to estimate the initial strength of the material, the stress corresponding to a strain oﬀset of
0.5% was measured for each response. The results, depicted as ryR and ryT, are plotted against q/qs in Fig. 22
(a select number of these stresses are listed in Table 3 along with the corresponding densities). The two sets of
results exhibit signiﬁcant scatter that is more pronounced in ryR. Included in the ﬁgure are linear ﬁts of the
data. In general, ryR is seen to be higher than ryT. It is interesting to observe that the present values are
20–25 times smaller that the strengths recorded in the axial direction (Fig. 14). (Similar experimental results
for ryR and ryT were reported by Dreisbach (1952)).3.4. Balsa wood shear response
The shear response of the material in the AR and AT planes was measured using specially cut 3 in. long by
1 in. square rectangular specimens (76 · 25 · 25 mm, see Fig. 4b; length dictated by the height of the balsa
wood blocks). The specimens were machined to a test section width of 0.750 in. (19.1 mm) and height of
0.625 in. (15.8 mm) as shown in Fig. 23b. The longitudinal ends were radiused to reduce the stress concentra-
tions. AR or AT specimens were prepared by choosing the appropriate planes for shaping the specimen. The
specimens were then bonded to recesses machined in custom mounting plates using a high strength adhesive
Fig. 23. (a) Scaled drawing of the shear-testing machine used in the experiments. (b) Shear specimen geometry.
A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8709that cured at room temperature. A special alignment jig was used to ensure that the setup remained square
during assembly and curing of the epoxy. After curing, the assembly was connected to a rigid stationary sup-
port frame at the top and to a linear bearing at the bottom as shown in Fig. 23a. The specimen is sheared by
applying a horizontal displacement to the lower part of the ﬁxture using a 1-in. stroke (25.4 mm), 10 kip
(44 kN) capacity hydraulic actuator mounted on to a stiﬀ carrier plate (modiﬁed version of the one developed
by Vogler and Kyriakides (1999b)). The testing machine was operated under displacement control using a
close-loop controller. For more accurate measurements, a miniature LVDT was used to measure the relative
displacement between the top and bottom specimen mounting plates. The test set up is a compromise dictated
by the 3-in. thickness of the wood blocks used and practical diﬃculties in handling wood. Inhomogeneities in
the wood make estimating the errors in the measurements diﬃcult. Our best estimate is that the shear modulus
measured may be of the order of 10–15% lower than the actual value.
Two representative shear stress–strain responses, recorded in the AR and AT planes for woods of approx-
imately the same density, appear in Fig. 24. Failure usually occurred in the central third of the test section. The
shear stress, s, is deﬁned as the applied force divided by the cross-sectional area of the plane of the failure. The
shear strain, c, is the relative displacement (d) between the upper and lower plates divided by the height (h) of
the test section (see inset in Fig. 24). The strain rate of the tests was _d=h ¼ 2 104 s1. The recorded
responses are seen to be nonlinear essentially from the beginning of loading with the one corresponding to
the AR plane being signiﬁcantly stiﬀer. The initial shear moduli in the AR and AT planes were: GAR = 15.9 ksi
(110 MPa) and GAT = 8.33 ksi (57.4 MPa). Both specimens failed catastrophically along a nearly ﬂat horizon-
tal plane. The AR specimen failed at a stress of 226 psi (1.56 MPa) and a strain of 1.92%. The AT specimen
failed at a stress of 168 psi (1.16 MPa) and a strain of 3.51%.
Twenty-nine shear tests were conducted in the AT plane and 19 in the AR plane, covering the range of den-
sities of our wood. Six representative shear stress–strain responses from each direction are shown in Figs. 25a
and b. The nonlinearity seen in the responses in Fig. 24 persists for all cases. The AR responses are generally
stiﬀer than the AT ones for comparable values of density. The material is also weaker in the AT plane but
failure took place at higher strains than in the AR plane. These same features are also evident in Figs. 26a
and b where the initial shear moduli and strengths in the two directions are plotted as functions of the relative
density. (A select number of the two moduli are listed in Table 2 along with the corresponding densities; values
of the two shear strengths are listed in Table 3.) As all other material constants, the shear modulus increases
with density in both directions with the ones in the AR plane being signiﬁcantly higher than the values in the
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8710 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717AT plane at corresponding values of density. The shear modulus as well as the maximum shear stress recorded
were inﬂuenced by imperfections in the specimen and this contributed to the scatter in the results. Despite the
scatter in the results, linear ﬁts of the data attempted are included in the ﬁgure. The stresses corresponding to
when each specimen failed are plotted against density in Fig. 26b. The results support the point made earlier
that the material is generally stronger in shear in the AR plane than the AT plane (Dreisbach (1952) reported
experimental shear strengths in the AR plane that are comparable to the present data). Linear ﬁts of the data
are once again included in the ﬁgure.
4. Kinking analysis
The measured shear responses enable direct use of Budiansky’s kink band model to evaluate the stress at
which a band can be expected to initiate in balsa wood loaded under axial compression. The model, of course,
is highly idealized and among other assumptions uses a material domain that is uniformly inclined by an angle
ho (see Fig. 19a). We have seen that the tracheid misalignments are limited to the neighborhood of pockets of
rays, in other words, the misalignments have a more local distribution. Despite this diﬀerence, the model
remains a viable tool for bounding the eﬀect of misalignment imperfections on the material strength. Eq.
(3) will be used with the minor addition of the axial deformation of the tracheids, but without coupling it
to the shear deformation, as in Hsu et al. (1998), so thatrA ¼ EAe: ð5aÞ
The axial shortening of the material can then be approximated byd
L
 hocþ 1
2
c2 þ e: ð5bÞAs established in the experiments, the major imperfections occur in the AT plane, which is also the plane
with the weaker shear response. Furthermore, kinking was in fact observed to occur predominantly in this
plane. For these reasons the AT shear responses, (sAT(c)), will be used to conduct the kinking strength study.
In several of the measured sAT(c) responses the test specimens failed at strains that are perceived to be low. In
such cases the response is assumed to remain ﬂat after the failure stress is reached.
A set of results calculated using the sAT(c) response shown in Fig. 25a for q/qs = 0.039 are shown in Fig. 27.
The axial stress–shear strain responses (rA  c) corresponding to imperfection angles of 2–8 are shown in
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A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8711Fig. 27a. In each case, rA increases with c but follows a nonlinear path with a gradually decreasing slope. At
some shear strain, each response develops a stress maximum that is considered as the value at which kinking
will initiate (rC). The response, and consequently the kinking stress, are seen to be strongly inﬂuenced by the
value of the imperfection adopted. Thus, for example, for ho = 2rC = 1.07 ksi (7.38 MPa) while at 8 it is
reduced to 0.43 ksi (2.97 MPa). Beyond the calculated maximum stress the deformation localizes in the man-
ner described in Kyriakides et al. (1995) and Hsu et al. (1998).
Corresponding axial stress-shortening responses (rA  d/L) are shown in Fig. 27b. These are more repre-
sentative of what is usually measured in a test, except that the imperfection is more severe, as it is uniform
across the domain analyzed. The maximum stress is of course the same as in Fig. 27a. The backwards trend
of the response beyond the maximum is caused by the unloading of the material. In view of the fact that com-
pression tests are typically conducted under displacement control, the nature of the unloading indicates that
localized failure can be expected to occur dynamically and be catastrophic as indeed was observed in the
experiments.
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8712 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717A second set of similar results for a wood with a higher density (q/qs = 0.140) calculated using the sAT (c)
included in Fig. 25a is shown in Fig. 28. The general trend in the calculated responses is similar as in Fig. 27
but the critical stresses are signiﬁcantly higher. Thus, for example, the critical stress for ho = 2 is now 4.98 ksi
(34.3 MPa) while at 8 it is 1.82 ksi (12.6 MPa).
The strong sensitivity of the critical stress to the imperfection is also shown in Fig. 29, where rC is plotted
against ho for three diﬀerent balsa wood densities. The trend of the results resembles that reported for ﬁber
composites in Hsu et al. (1998) and others. For balsa wood, the higher the density the stronger is the imper-
fection sensitivity.
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uated for diﬀerent values of misalignment angles. The rC values calculated for misalignment angles of
ho = 4, 6 and 8 are plotted against q/qs in Fig. 30. Despite some scatter, each set can be reasonably ﬁtted
with a straight line that is drawn in the ﬁgure with a dashed line. Increasing ho shifts the predicted strengths
down and reduces the slope of the ﬁt. Drawn in solid bold line in the ﬁgure is the linear ﬁt of the balsa
wood limit stresses (strengths) presented earlier in Fig. 14. The predictions of rC corresponding to
ho = 6 are seen to be quite close to the ﬁt of the measured strengths. The slope of the predictions is some-
what lower and as a result the strength is underpredicted for higher values of density and overpredicted for
lower values of density.
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Fig. 28. (a) Axial stress–shear strain responses and (b) axial stress-shortening responses for diﬀerent misalignment angles for q/qs = 0.140.
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The paper presents experimental results from an extensive study of the compressive response and failure of
balsa wood. Compression experiments in the axial, radial and tangential directions have been performed using
rectangular specimens appropriately extracted from commercially available balsa wood. The tests involved
measurements of the initial elastic moduli in the three directions, as well as of the subsequent nonlinear crush-
ing responses over a broad range of wood densities. Particular emphasis was given to the axial crushing
response that is important in the design of marine and other sandwich structures, which use balsa wood as
cores. SEM and optical microscopy were used to evaluate failure mechanisms. Following is a summary of
the main ﬁndings along with conclusions drawn for the investigation.
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A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717 8715Like most woods, balsa wood consists mainly of long cells (tracheids) with nearly hexagonal cross-sections
that share their walls with adjoining cells. To ﬁrst order, the geometry of the cells remains constant with den-
sity (Ltr  600 lm, and diameter 30 lm), and as a result the density goes as the wall thickness of the cells.
Parenchyma are a second type of cells that are radially arranged in groups (rays) that periodically penetrate
the tracheids. In such locations, the straightness of the tracheids is compromised, with repercussions on the
local axial strength.
As all woods, balsa is highly anisotropic, with the axial direction being much stiﬀer and stronger than in-
plane directions. The axial elastic modulus is governed by axial deformation of the cells, and consequently is
proportional to the relative density. By contrast, the moduli in the radial and tangential directions are gov-
erned by transverse bending deformation of the cells and therefore go as the cube of the relative density.
Because of the presence of the rays, the radial modulus is stiﬀer than the tangential one. Even for the denser
balsa wood tested, the two in-plane moduli are anywhere from 15–40 times smaller than the axial modulus.
8716 A. Da Silva, S. Kyriakides / International Journal of Solids and Structures 44 (2007) 8685–8717The transverse plane responses develop yield-like knees at relatively low stresses associated with some type
of material nonlinearity. The ‘‘yield’’ stresses were found to be nearly proportional to the relative density, but
they were about two orders of magnitude smaller than the corresponding axial strengths. Beyond the knee, the
cells crush by bending, but the response maintains a relatively small but positive slope up to global strains of
50% and beyond. The positive modulus indicates that uniformly distributed cell crushing is preferred over
localized crushing. At even higher global strains the cell walls start to come into contact, and the material stiﬀ-
ens once more in a manner similar to ones observed in the densiﬁcation regime of laterally crushed hexagonal
honeycombs.
The axial response is of course the more important one structurally. In this direction the material exhibits a
more extended linear regime, terminating into a stress maximum that corresponds to the strength of the wood.
Failure initiates at the stress maximum and results in an abrupt drop in the average stress. In the great major-
ity of the tests, failure was initiated by kinking in the axial–tangential plane. In highly aligned anisotropic
materials, the onset of kinking is mainly governed by the shear response of the material and by geometric
imperfections in the form of misalignment of the material with the axis of loading. Measurement of the wood
shear responses revealed that balsa is more compliant in shear in the AT plane than in the AR plane, as the
presence of rays has a stiﬀening eﬀect on the AR shear response. Tracheid misalignment in neighborhoods
penetrated by rays, coupled with a softer shear response, results in sites of material weakness. Such sites
are evenly distributed in the material and have been conﬁrmed to be responsible for the initiation of kinking.
The AT shear response of balsa was measured over a signiﬁcant range of wood densities and was found to
exhibit signiﬁcant nonlinearity. Like other properties, the initial shear modulus and the shear strength were
found to vary to ﬁrst order linearly with density. The nonlinear shear responses were in turn used in the
Argon–Budiansky uniform misalignment model to develop lower bound estimates of the kinking stress for
several discrete values of tracheid misalignment. The critical stress was found to exhibit the strong sensitivity
to the misalignment angle observed in other composite materials. Predictions based on a misalignment angle
of 6 were found to follow the trend of measured balsa wood strengths reasonably well, giving credence to the
use of this model to bound wood strength.
Following the initiation of failure, the material undergoes crushing that is limited to a zone encompassing
the width of the specimen. Under persistent displacement-controlled compression, the band broadens
through the addition of intact material from either side of it, while the stress remains nearly unchanged.
The extent of the stress plateau represents the energy absorption capacity of balsa. Some of the crushing zones
were inclined, while others had a rugged proﬁle with an overall orientation that was nearly perpendicular to
the axial direction. The crushing of tracheids inside the bands diﬀered with density. For lower density
specimens, the tracheids underwent concertina axial folding, accompanied by some shear. For the higher
density specimens the bands tended to be more inclined, and the tracheids underwent simultaneous bending
and lateral crushing as they entered the band. For intermediate densities, the two modes of deformation
coexisted. The plateau stress was found to increase nearly linearly with density, and the speciﬁc crushing
energy was found to be comparable to that of metallic honeycombs at comparable values of relative density.Acknowledgements
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